Recent experiments suggest that T 1 relaxation in the rotating frame (T 1ρ ) is sensitive to metabolism and can detect localized activitydependent changes in the human visual cortex. Current functional magnetic resonance imaging (fMRI) methods have poor temporal resolution due to delays in the hemodynamic response resulting from neurovascular coupling. Because T 1ρ is sensitive to factors that can be derived from tissue metabolism, such as pH and glucose concentration via proton exchange, we hypothesized that activity-evoked T 1ρ changes in visual cortex may occur before the hemodynamic response measured by blood oxygenation leveldependent (BOLD) and arterial spin labeling (ASL) contrast. To test this hypothesis, functional imaging was performed using T 1ρ , BOLD, and ASL in human participants viewing an expanding ring stimulus. We calculated eccentricity phase maps across the occipital cortex for each functional signal and compared the temporal dynamics of T 1ρ versus BOLD and ASL. The results suggest that T 1ρ changes precede changes in the two blood flow-dependent measures. These observations indicate that T 1ρ detects a signal distinct from traditional fMRI contrast methods. In addition, these findings support previous evidence that T 1ρ is sensitive to factors other than blood flow, volume, or oxygenation. Furthermore, they suggest that tissue metabolism may be driving activity-evoked T 1ρ changes.
INTRODUCTION
Assessment of brain function in humans has largely utilized functional imaging approaches that are based on blood flow changes resulting from increased neuronal metabolism. The most common imaging modalities used to noninvasively study brain function include 15 O-water positron emission tomography, functional magnetic resonance imaging (fMRI), and functional nearinfrared spectroscopy. The most common tool used to study brain function is the blood oxygenation level-dependent (BOLD) fMRI technique. The BOLD technique is dependent on changes in the relative amount of deoxygenated versus oxygenated hemoglobin that occurs in the venous system downstream of the activation site. 1, 2 In addition, the vascular dilation that occurs in response to increased metabolic demands occurs several millimeters upstream of the activation site and feeds a vascular territory larger than the local area of activation. The aforementioned effects result in a loss of spatial resolution for BOLD imaging. 3 The use of the blood flow response to assess brain function also reduces the temporal resolution of the imaging technique. The hemodynamic response to neural activity is delayed by approximately 3 to 5 seconds from the onset of neural activation and does not reach its peak until 5 to 10 seconds after stimulus onset. 4, 5 To overcome some of these limitations, other fMRI techniques have been proposed including arterial spin labeling (ASL) 6 and vascular space occupancy. 7, 8 The ASL signal originates predominantly from tissue and capillaries, 6, 9 which provides more localization of the activation area. However, ASL imaging depends on the hemodynamic response resulting from neurovascular coupling. 10 Arterial spin labeling has been shown to occur faster than the BOLD response 10 because it is measured in the arterial system versus the venous system, but it still significantly lags brain activity. Vascular space occupancy is an imaging technique that measures cerebral blood volume and has been shown to be more specific to the region of activation as compared with BOLD. 7, 11 There have been findings showing both a fast and a slow component of the cerebral blood volume response. [12] [13] [14] Functional imaging techniques that are sensitive to metabolite concentrations will likely generate a faster response and be more specific to the area of activation than techniques sensitive to blood flow changes. Importantly, the activity-evoked changes in metabolites and pH as well as other molecules including nitric oxide, potassium, O 2 , and adenosine 15 have been suggested to precede and help signal the need for increased blood flow to meet increased tissue demand for nutrients and waste removal. Accumulating evidence suggests that brain activity alters local metabolite concentrations sufficiently to be detected using magnetic resonance (MR) techniques. 1 H magnetic resonance spectroscopy studies at ultra-high field have found consistent and reproducible changes in lactate, glutamate, and glucose concentrations [16] [17] [18] that result from sensory stimuli. Changes in other metabolites such as glutamine have also been reported. visual cortex activation in humans by 31 P magnetic resonance spectroscopy 20, 21 and in response to neural activation in mice with an implanted fiberoptic pH sensor. 22 Magnetic resonance spectroscopy techniques have traditionally experienced low spatial and temporal resolution 17, 23, 24 making it difficult to dynamically measure the metabolic changes that result from neuronal activity. The field of neuroscience would greatly benefit from the ability to noninvasively image local metabolic changes with high spatial and temporal resolution as a more direct approach to study brain function.
The MR imaging techniques that are sensitive to proton exchange have been gaining popularity. These imaging techniques include chemical exchange saturation transfer and T 1 relaxation in the rotating frame (T 1ρ ). Proton exchange between bulk water and amide, hydroxyl, and amine groups of metabolites and proteins are the primary contributors to T 1ρ and chemical exchange saturation transfer contrast in biologic tissue. 25 T 1ρ imaging applies a low amplitude spin-lock pulse, which makes the sequence sensitive to proton exchange between metabolites and bulk water that occurs near the frequency of the applied spin-lock pulse. It has been previously shown that the T 1ρ relaxation time is sensitive to metabolism including pH 21, 25, 26 as well as glucose and glutamate concentrations. 27 Functional T 1ρ mapping has recently been shown to exhibit a response in the visual cortex resulting from stimulation using a flashing checkerboard both in humans 21, 28 and in animals. 27 Work to date has shown that the technique is relatively immune to changes in blood oxygenation 21 and that the signal exists even when minimizing the vascular component using contrast agents 27 or saturation pulses. 20 Further characterization of the functional T 1ρ response temporal dynamics may provide additional evidence that the signal arises predominantly from metabolic changes rather than the vascular response.
In this study, we compared the temporal dynamics of three functional imaging techniques (T 1ρ mapping, BOLD, and ASL) using retinotopic eccentricity mapping. The three functional imaging techniques acquired data while subjects viewed an expanding ring stimulus, which induces traveling waves of neural activity in the visual cortex. We calculated the phase maps for eccentricity across the occipital cortex for each functional imaging method and compared their temporal responses. Eccentricity mapping provides the ability to measure subtle response timing differences across the entire visual cortex. We hypothesized that the functional T 1ρ response in the visual cortex would precede the hemodynamic response measured by functional imaging using BOLD and ASL contrast. This would provide strong evidence that the functional T 1ρ response is driven by local metabolic and pH changes evoked by neural activity that precede the hemodynamic response.
MATERIALS AND METHODS Subjects
Five subjects (three men and two women, 29 to 33 years of age) were enrolled into an MR imaging study that included the acquisition of both anatomic (T 1 -weighted) and functional (T 1ρ , BOLD, and ASL) images. All subjects had normal or corrected-to-normal vision. Signed informed consent was obtained before beginning the study in accordance with the Institutional Review Board at the University of Iowa and all experiments were performed in accordance with the guidelines outlined in the Belmont Report.
Data Acquisition
Magnetic resonance images were obtained on a 3.0-T Siemens TIM Trio scanner (Siemens Medical Solutions, Erlangen, Germany) using a 12-channel head coil. For cortical surface reconstruction, high-resolution anatomic T 1 -weighted images were acquired using a coronal threedimensional MP-RAGE sequence (repetition time (TR) = 2,530 ms, echo time (TE) = 2. Hz/pixel). The BOLD imaging was performed using a T 2 *-weighted echoplanar gradient-echo sequence (TR = 2,500 ms, TE = 30 ms, flip angle = 90°, field of view = 220 × 220 mm, matrix size = 64 × 64, bandwidth = 2004 Hz/ pixel, number of slices = 31, and slice thickness/gap = 4.0/1.0 mm). The BOLD acquisition provided whole brain coverage in the slice direction. A run of BOLD imaging collected 124 frames of data for an imaging time of 310 seconds per run. Functional T 1ρ mapping was performed using an echo-planar spin-echo sequence with an additional T 1ρ spin-lock encoding pulse, which has been previously described. 20, 21, 28, 29 For this particular implementation, sequence parameters were TR = 2,500 ms, TE = 12ms, field of view = 220 × 220 mm, matrix size = 64 × 64, bandwidth = 1,954 Hz/pixel, number of slices = 15, and slice thickness/gap = 4.0/1.0 mm. Two spin-lock pulses were used (10 and 40ms) with a spin-lock frequency of 290 Hz. Fat saturation and spin-lock pulses were played out for each slice of the echoplanar imaging sequence, effectively reducing the TR for application of the T 1ρ pulse. The T 1ρ encoding block consisted of two nonselective 90°pulses separated with a pair of low amplitude spin locking pulses with opposite phase. Crusher gradients were used to destroy any residual magnetization after the T 1ρ encoding period. This was followed by a traditional echo-planar imaging sequence with a single-shot readout. This sequence was repeated for each slice of the 15-slice acquisition. After all slices were acquired, the sequence was repeated with a different spin-lock duration. The spin-lock pulse was alternated between 10 and 40 ms durations for each imaging frame. The T 1ρ imaging sequence had limited spatial coverage in the slice direction and the imaging slab was centered on the occipital cortex. A total of 124 frames (i.e., 62 frames for each spin-lock duration) were collected in a run of functional T 1ρ mapping for a run time of 310 seconds. Pulsed ASL (PICORE Q2T) images were collected by alternating between tag and control images (TR = 2,500 ms, TE = 15 ms, inversion time 1/2 TI 1 /TI 2 = 700/1,602 ms, field of view = 220 × 220 mm, matrix size = 64 × 64, number of slices = 12, and slice thickness/gap = 4/1 mm). Similar to the T 1ρ imaging sequence, the imaging slab was centered on the visual cortex due to the limited coverage in the slice direction. The ASL acquisition collected 126 pairs of images as well as an M 0 image for a run duration of 318 seconds. Two runs of the ASL and T 1ρ measurements were obtained to generate the same number of independent samples for each modality. Three-dimensional shimming was performed for all functional scans using the automatic shimming routine available on the scanner.
Visual Stimulation
Eccentricity mapping was performed using standard expanding-ring stimuli that induce traveling waves of neural activity in the visual cortex. [30] [31] [32] For retinotopic mapping of the visual field, the visual stimuli give spatiotemporally localized neural response in primary visual cortex. Eccentricity mapping was performed using an expanding-ring checkerboard presented with a 50-second period (0.02 Hz) for each of three functional modalities ( Figure 1A ). Six cycles of the expanding-ring stimulus were presented during each functional imaging run. When the ring reached the maximum eccentricity, it wrapped around to the minimum eccentricity. A temporal period of 50 seconds for eccentricity stimulation allowed the signal to return to baseline before subsequent activations. The stimulus patterns were based on a radial high-contrast black and white checkerboard flickering at 8 Hz to maximally stimulate primary visual cortex and generally induce BOLD signal change on the order of 1% to 5%. The stimulus was presented on a screen of width 40 cm, height 30 cm, and a distance of approximately 80 cm from the subject's eye. Subjects viewed the screen through a mirror attached to the head coil. A deep-red colored circle was shown in the center of the stimulus. Subjects were asked to press a button on a fiber optic response system (Lumin LP-400, Cedrus Corporation, San Pedro, CA, USA) when the deep-red colored circle changed to bright red, which occurred at random times. This was performed to ensure that the subjects maintained fixation on the center throughout the stimulus presentation. A trigger pulse generated by the scanner was used to initiate the stimulus presentation and six dummy scans (6 × TR = 15 seconds) were collected at the beginning of each run to reach steady-state magnetization before initiating the eccentricity mapping stimulus. The stimuli were presented to the subjects using MATLAB (The MathWorks, Inc., Natick, MA, USA) and the Psychophysics Toolbox. 33, 34 Image Analysis
The cortical surface of each subject was reconstructed from the highresolution T 1 -weighted images using Freesurfer. 35, 36 The FreeSurfer pipeline first performs tissue classification before separating the hemispheres Functional T 1ρ eccentricity mapping H-Y Heo et al and generating a separate surface for each hemisphere. The occipital lobe was flattened by cutting the inflated surface along the calcarine fissure.
Results from this study are shown both on the inflated surface and on the flattened occipital cortex. All functional imaging data were analyzed using a combination of AFNI/SUMA (1996 37 ) and additional custom-written MATLAB software. Preprocessing for all the BOLD functional data included outlier detection, slice timing correction, and three-dimensional motion correction. The BOLD time series data ( Figure 1B ) were detrended using a third-order polynomial and normalized to percent signal change. Preprocessing of the ASL and functional T 1ρ mapping data was initiated by performing motion correction of the time series data using a mutual information metric and a rigid body transformation. After motion correction, the ASL and functional T 1ρ mapping data were analyzed using different MATLAB scripts. For the ASL data, control-tag difference images were calculated using temporal interpolation and sliding window subtraction ( Figure 1C ) to reduce BOLD signal contamination of the cerebral blood flow (CBF) time course. 38 The resulting time series had a temporal resolution equal to the TR time for the imaging sequence. For the T 1ρ mapping data, the approach described in Johnson et al 29 employing sliding window interpolation was used ( Figure 1D ). Briefly, this procedure estimates a T 1ρ map using a monoexponential fit, S = S 0 e −TSL/T1ρ , at each TR. The fit is performed using the spin-lock image collected at one time point (e.g., 10 ms) and the average of the two temporally neighboring spin-lock images (e.g., 40 ms). This is then repeated for each image in the time series, resulting in a temporal sampling of the T 1ρ maps equal to the TR. The use of multiple images to estimate perfusion and T 1ρ relaxation times eliminates baseline fluctuations in the signal and thus no baseline modeling was included in the analysis of the ASL and T 1ρ data. For the functional T 1ρ mapping, the top and bottom two slices were eliminated from the analysis since the magnetization was reaching a steady state after switching the spin-lock duration. 29 The voxelwise phase and amplitude of neuronal responses for all functional modalities were estimated by taking the Fourier transform of the time series and measuring the response at the stimulation frequency (0.02 Hz).
Image alignment between the functional activation maps and T1-weighted anatomic scan was performed using a rigid body registration. The resulting transform was used to resample the functional activation maps (phase and coherence) to 1.0 mm isotropic resolution, matching the anatomic image resolution and allowing the phase maps to be overlaid on the cortical surface. The phase data were then smoothed with a Gaussian kernel of 6 mm FWHM along the cortical surface. The phase maps were color coded between 0 (red) and 2π (green). For each voxel, we calculated an F ratio and the corresponding P-values by dividing the squared amplitude of the response at the fundamental stimulus frequency (0.02 Hz) with the average squared amplitude at all other frequencies except the signal at the DC component frequency. For each subject, the statistical map of BOLD eccentricity was thresholded (Po0.01, FDR corrected) and a region of interest (ROI) was defined by significantly activated voxels of the thresholded eccentricity map. The statistical maps of ASL and T 1ρ eccentricity were similarly thresholded but at a lower significance level than BOLD (Po0.05, FDR corrected) because of the lower SNR of these techniques. The BOLD-defined ROI was used to compare the phase maps between modalities (BOLD-ASL, BOLD-T 1ρ , and ASL-T 1ρ ). The resulting phase differences were converted to seconds for display and further analysis. An ROI analysis was performed to compare the mean time course of the functional response across all three modalities (functional T 1ρ mapping, BOLD, and ASL). A 2 × 2 × 2 voxel ROI was placed in the primary visual cortex (V1) where all three modalities had a statistically significant response. The time courses from within the ROI were then individually normalized between ± 1 using the minimum and maximum values for each modality. The time series for each modality were also collapsed (excluding the first and last cycle) to generate the mean response over a single period. Quantitative analysis consisted of computing the mean phase lag and the time to peak (TTP) of the functional imaging responses. The phase lag within the ROI for each modality was computed, which estimates the temporal delay of the fMRI responses relative to the beginning of the time series. To compute the TTP, a gamma-variate function (γ = a × x × e − bx +c) was used to fit to the mean response over a single period. The TTP was defined as 1/b from the fitted lineshape. The phase lag and the TTP values were statistically compared using a two-way ANOVA followed by Tukey's post hoc test. Statistical significance was accepted for Po0.05. Figure 2 shows the phase map generated from the expanding-ring eccentricity mapping study for functional T 1ρ mapping, BOLD, and ASL imaging on the left and right hemisphere inflated surfaces as well as on the flattened left cortical surface for a single subject (Subject #1 = S1). Only voxels that had met the statistical threshold as specified in the Materials and methods section for each modality are shown in the figure. The color scale (upper right corner of Figure 2) indicates the phase value between 0 (red) and 2π (green) for eccentricity mapping. The eccentricity maps show a systematic increase in phase (red to green) originating from the occipital pole toward more anterior regions across all three modalities. Figure 3 shows phase maps for T 1ρ , BOLD, and ASL imaging resulting from the expanding-ring eccentricity mapping on the left hemisphere inflated cortical surface for all five subjects (Subject #1 = S1, Subject #2 = S2, Subject #3 = S3, Subject #4 = S4, and Subject #5 = S5). The responses from BOLD and ASL imaging show a robust activation while the functional T 1ρ mapping response tends to be weaker. Figure 4A shows the eccentricity phase maps for functional T 1ρ mapping, BOLD, and ASL overlaid on sagittal (upper) and axial (lower) echo-planar images for a representative subject (S1). Figure 4B shows the subtracted time delay maps (BOLD-ASL, BOLD-T 1ρ , and ASL-T 1ρ ) within the region that had a significant BOLD response. The difference image ( Figure 4B ) largely show a faster response (white-to-red) in the functional T 1ρ mapping as compared with BOLD and ASL imaging.
RESULTS
A time series plot for a single representative subject is shown in Figure 4C within the ROI defined in the visual cortex. The location of the ROI is shown in red in Figure 4A . The mean value is the solid line and the shaded area in the same color represents the standard deviation of the values contained within the ROI as shown in Figure 4C . The collapsed time series data representing the mean response for one period of the eccentricity mapping is shown in Figure 4D . This figure shows the mean time series as a solid line and the standard deviation in the shaded area of the same color. These plots suggest that the functional T 1ρ response occurs before the hemodynamic response seen in BOLD and ASL imaging. Across all five subjects in the study the phase lag in the T 1ρ response occurred on average 1.3 and 3.0 seconds faster than the ASL and BOLD responses, respectively (Table 1 ). In addition, the average TTP for the five subjects also occurred earlier for functional T 1ρ mapping as compared with ASL and BOLD imaging (1.8 and 3.4 seconds, respectively). All of these differences were statistically significant (P o 0.05).
DISCUSSION
In this study, retinotopic eccentricity mapping was performed using an expanding-ring visual stimulation with a 50-second period was used to compare the temporal response between functional T 1ρ mapping, BOLD, and ASL imaging. The occipital cortex was used as a model system for this study since it is relatively easy to perform such subtle manipulations of the stimuli for fine mapping of the visual cortex. Our results showed that functional T 1ρ mapping has a faster temporal response as compared with BOLD and ASL. On average, the T 1ρ signal preceded the BOLD signal by 3.0 seconds and the ASL signal by 1.3 seconds. These data suggest that the functional T 1ρ mapping signal is largely independent of the vascular response. Instead, the Figure 2 . Eccentricity phase maps of blood oxygenation leveldependent (BOLD), arterial spin labeling (ASL), and T 1ρ response to the expanding-ring stimulus on the left and right inflated hemisphere, and the left flattened brain surface for single subject (S1). The color scale indicates the raw phase value between 0 and 2π for eccentricity map. The red color indicates regions corresponding to the center of field of view, while the green color regions correspond to the outer eccentric degrees. Figure 2 for all five participants in the study (S1 to S5).
signal may be the result of metabolic changes such as decreased pH or glucose concentrations that would generate an increase in the measured T 1ρ relaxation times. Jin and Kim 27 have also found that T 1ρ signal from tissue is faster than the BOLD and cerebral blood volume response measured in the cat visual cortex. Their findings are in good agreement with the data obtained in this study. It has been suggested that the hemodynamic response is increasingly delayed as the blood progresses toward larger draining veins, with delays ranging between 2 seconds in the parenchyma to 14 seconds in the large draining veins. 4, 5 We have previously shown that the T 1ρ changes are independent of blood oxygenation. 21 More recently, we as well as others have shown that 470% of the functional T 1ρ mapping signal exists even when the signal from inflowing blood is nulled, which provides further evidence that the signal is metabolic in nature and not the result of blood flow changes. 20, 27 In addition, the results from this study found that the hemodynamic response from ASL imaging occurred approximately 2 seconds faster than BOLD within the visual cortex. These data are consistent with values previously reported in the literature. 10 We found that the number of significantly activated voxels was greater in BOLD and ASL imaging as compared with functional T 1ρ mapping. This was not tested statistically, but is consistent with our previous published work. 20, 29 Recently, Heo et al 20 assessed the number of activated voxels for each of three stimulations frequencies (1, 4, and 7 Hz) using both BOLD and functional T 1ρ mapping. Heo et al 20 found that approximately 50 to 100 times more voxels were activated in the visual cortex for BOLD imaging as compared with functional T 1ρ mapping at the same statistical threshold (P o0.05, corrected). It should be noted that in the present study we used two different statistical thresholds, P o 0.01 for BOLD imaging and P o 0.05 for ASL and functional T 1ρ mapping. It is well known that the BOLD signal is primarily caused by oxygenation and volume changes in veins, which can spread the fMRI-detected area to regions where there are no neuronal activation, whereas ASL is more closely associated with the capillary bed. 6, 9, 38 While the T 1ρ activation area was contained mostly within the BOLD and ASL activation area, it was significantly smaller. The differences in the spatial extent of the functional response can be explained by both the different mechanisms driving the signal for each of the imaging method as well as the respective contrast-to-noise ratio for each method. Using receiver operator characteristic analysis, previous studies reported that ASL shows distinctive noise properties compared with BOLD contrast because ASL image series are generated by surround subtraction of temporally adjacent control and tag images, resulting in the even distribution of noise power spectrum and spatial coherence. 39 For ASL data, the surround subtraction method ( Figure 1C ) was used to reduce BOLD signal contamination of the CBF time course, and it is also advantageous to match the timing of the control and tag images. However, this method does result in some temporal smoothing of the data. Even with the use of the temporal interpolation approach for both ASL and functional T 1ρ mapping, we still found that the ASL response occurred before the BOLD response and the T 1ρ response occurred faster than ASL. It should be noted that we assessed the positive BOLD response resulting from increased oxygenated hemoglobin. Several prior studies have shown that the initial undershoot of the BOLD response that occurs before the increased blood flow response is faster and more localized to the region of activation. 40, 41 This initial undershoot is a weak signal that is not consistently observed in BOLD imaging studies conducted at 1.5 and 3 T, which is why this technique has not been widely adopted for functional imaging. In future studies, it would be interesting to compare the location of brain activity identified by function T 1ρ mapping with the initial dip in the BOLD response.
Neural activity and CBF are closely coupled. 42 Increases in oxygen and glucose consumption during neural activity are followed by an increase in CBF. In addition, the CBF is controlled by feedback mechanisms, which are correlated with the concentration of metabolic byproducts such as nitric oxide, adenosine, carbon dioxide, and arachidonic acid metabolites. [42] [43] [44] [45] Prior studies have shown that local acidosis may alter blood flow by depolarizing the vascular smooth muscle cells, which trigger vasodilation. 42 Consequently, activity-evoked acidosis may be a key mechanism underlying neurovascular coupling. Nevertheless, current functional imaging paradigms are limited by their dependence on blood flow, blood volume, and the vascular anatomy, which limits their temporal and spatial resolution. However, functional T 1ρ mapping could be a more direct and precise method of imaging brain functions because local changes in metabolism drive the vascular response. Several possible sources for changes in T 1ρ relaxation times with brain activity include sensitivity to pH, 21, [25] [26] [27] glutamate, and glucose. 27 In addition, we have not yet optimized the amplitude of the spin-lock pulse used. For application to human imaging, we have been limited by subject heating to amplitudes o1,000 Hz. Future studies are needed to determine the metabolic changes that occur with brain function that drive the functional T 1ρ response and the optimal spin-lock amplitude for measuring the metabolic changes of interest. Finally, it is also possible that metabolic changes could also influence BOLD and ASL signals through changes in T 1 relaxation rates that have not been realized due to the noise or mistaken as noise in the functional imaging signals. For example, Shemesh et al 46 found significant changes in the T 1 relaxation times in various metabolites including lactate and creatine in a rat ischemia model at 21.1 T. The magnitude of this effect at clinical fields strengths resulting from brain function is presently unknown.
In conclusion, we performed eccentric mapping of the human brain at 3 T using the expanding-ring stimulus to assess the temporal response of functional T 1ρ mapping relative to BOLD and ASL. Our study suggests that functional T 1ρ mapping signal has a faster temporal response as compared with the hemodynamic response. This is further evidence that the T 1ρ signal is driven in part by nonvascular mechanisms at clinical field strength (3.0 T). Therefore, T 1ρ imaging may be useful to map neural activation more precisely than blood flow-dependent methods.
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